Background: Emerging studies have shown the potential benefit of arming oncolytic viruses with therapeutic genes. However, most of these therapeutic genes are placed under the regulation of ubiquitous viral promoters. Our goal is to generate a safer yet potent oncolytic herpes simplex virus type-1 (HSV-1) for cancer therapy.
Oncolytic herpes simplex virus type-1 (HSV-1) viruses are typically mutated or deleted in viral genes that encode viral replications; the absence of these viral proteins leads to an abortive replication cycle in normal cells. However, in tumour cells, the mutant virus can selectively replicate because the missing viral protein function is provided by the tumour. For example, the UL39 gene encodes the large subunit of ribonucleotide reductase (ICP6), which is required for efficient viral DNA synthesis (Goldstein and Weller, 1988) . The ribonucleotide reductase has cellular homologues that could provide the missing function in trans. In addition, the proteins are generally elevated in dividing tumour cells but are expressed at low levels in normal cells. Thus, HSV-1 mutant with UL39 gene deleted (e.g., hrR3) can replicate selectively in tumour cells. Another common virus gene deletion involves the g34.5 gene (also known as RL-1). In wild-type virus, this gene encodes ICP34.5 protein that counteracts the effect of dsRNA-dependent protein kinase (PKR) phosphorylation (Chou et al, 1990) . Active PKR phosphorylates eIF2a and shutdown of viral protein synthesis.
Hence, ICP34.5 enables viral protein expression that ultimately leads to cell death. ICP34.5 also binds to the C-terminal domain of Beclin1 and inhibits the cell autophagy response (Orvedahl et al, 2007) . Conversely, mutant viruses deleted in g34.5 (e.g., HSV1716) are unable to replicate and infected cells are spared. However, in tumour cells, that contains high levels of active MAP/ERK kinase (MEK), PKR activation is blocked and allowed a higher degree of viral replication than in normal cells (Smith et al, 2006) .
Tumour cell killing can be mediated through attenuation of two or more viral genes such as g34.5 and UL39 gene (e.g. G207) or similar to G207 with an additional deletion in ICP47 locus (e.g., G47D). Oncolytic HSV-1 can also be armed with the prodrug converting gene (Yamada et al, 2012) , immunomodulatory molecules (Fukuhara et al, 2005) , immune stimulant gene (Liu et al, 2003) or antiangiogenesis agents (Yoo et al, 2012) to augment the efficacy of the viruses beyond their oncolytic abilities. The first oncolytic virus that contains an active gene to enter clinical trial is the oncolytic HSV-1, OncoVex GM-CSF . It contains double deletion in g34.5 and ICP47 genes, and the cytomegalovirus (CMV) promoter-driven granulocyte-macrophage colony-stimulating factor is inserted into the g34.5 gene region (Liu et al, 2003) . Intratumoural administration into melanoma lesions have resulted in an encouraging 28% objective response rate in a Phase II clinical trial and has successfully entered into Phase III clinical trials (Kaufman and Bines, 2010) .
As greater number of oncolytic variants arises through the advancement in recombineering technology, it is important to build in additional safety features. At present, most of the therapeutic genes in oncolytic viruses are expressed by ubiquitous viral promoters. For example, the antiangiogenic gene Vstat120 is placed under the regulation of HSV-1 immediate early IE4/5 promoter in oncolytic HSV-1 (Hardcastle et al, 2010) . Likewise, in another oncolytic HSV-1, MGH2, the cytochrome P450 and secreted intestinal carboxylesterase genes are under the regulation of IE4/5 and CMV promoter, respectively (Tyminski et al, 2005) . The non-tumour selective activities of these promoters may be the main reason that limits the potential of oncolytic viruses to arm with more potent therapeutic gene that induce direct cell killing, but are currently limited to using prodrug-activated therapeutic genes.
In the present study, we have generated a new oncolytic virus that prevents expression of transgene in post-mitotic or quiescent cells. This is achieved through transcriptional regulation of the gene of interest in a cell cycle-dependent manner, which has been shown to work well in the context of replication-deficient HSV-1 amplicon vectors (Ho et al, 2004; Wang et al, 2007; Ho et al, 2010; Sia et al, 2013) . In short, in proliferating cells, the binding of transactivator fusion proteins, Gal4 NF-YA, to the Gal4-binding sites located upstream of the minimal cyclin A2 promoter will drive the transcription of the reporter or therapeutic gene (Supplementary Figure S1A) . In non-dividing or quiescent cells, the binding of the Gal4 NF-YA is prevented by repressor proteins occupying the CDE/CHR site, thus suppressing transcriptional activation of the reporter or therapeutic gene (Supplementary Figure S1B) . Herein, we have inserted this cell cycle-regulatable luciferase transgene cassette into the UL39-deleted oncolytic HSV-1 and demonstrated that the transcriptional activities of these newly generated viruses correlated with the cycling tumour cells in vivo based on the dual-color tracking system introduced to the virus (i.e., luciferase activities) and the tumour cells (red fluorescence). Efficient antitumour effects were subsequently demonstrated in hepatocellular carcinoma and human glioma subcutaneous xenograft mouse models. When equal amounts of the viruses were inoculated into pre-established intracranial glioma (i.e., proliferating) and the non-tumour-bearing contralateral brain (i.e., post-mitotic), luciferase activities were enhanced in the tumour region compared with the normal brain parenchyma of the same animal. Taken together, these viruses could potentially be of clinical relevance for further development against human cancer treatment.
MATERIALS AND METHODS
Cell culture. PLC/PRF/5 is a human hepatocellular carcinoma cell line that was obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). Vero cell is an African green monkey kidney cells kindly provided by Sandri-Goldin RM, University of California, Irvine, CA. DGli36 cells (kindly provided by Dr Esteves M, University of Massachusetts) are stable clones derived from human glioma cells and overexpressed a truncated mutant epidermal growth factor receptor (EGFR variant III). EGFR variant III accounts for B40%-50% of gliomas in patients (Nishikawa et al, 1994) . DGli36-DsRed2 and PLC/PRF/5-DsRed2 were DsRed2 expressing stable clonal cell lines stably transfected with pcDNA3-DsRed2 containing DsRed2 gene regulated by CMV promoter. Normal human astrocytes (NHA) were purchased from Lonza (Basel, Switzerland) and cultured in Astrocyte Basal Medium supplemented with recombinant human EGF, insulin, ascorbic acid, gentamycin sulphate, amphotericin, L-glutamine and FBS as recommended by the supplier. For the rest of the cells, they were maintained in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS; HyClone Laboratories, Logan, UT, USA), penicillin (100 U ml À 1 ; Life Technologies, Grand Island, NY, USA), streptomycin (100 mg ml
Life Technologies) and L-glutamine (2 mM; Sigma-Aldrich, St. Louis, MO, USA). PLC/PRF/5 cells were further supplemented with a non-essential amino acid (0.1 mM; Life Technologies) and sodium pyruvate (1 mM; Life Technologies). DGli36 cells were cultured in the presence of puromycin (1 mg ml À 1 ; Sigma-Aldrich). All DsRed2-expressing stable clones were cultured in the presence of 500 mg ml À 1 of Geneticin (Life Technologies). All cells were maintained at 37 1C in a humidified incubator with 5% CO 2 .
Isolation of primary glioma cells. Primary human glioma cells were isolated from the brain tumour tissues of patients undergoing brain tumour surgery at the National Neuroscience Institute, Singapore following approval from the SingHealth Centralized Institutional Review Board, and with patient informed consent. The collected tissue was rinsed with PBS and separated into small pieces in the presence of complete medium (Astrocyte Basal Medium (ABM) supplemented with 10% FBS, Penicillin/Streptomycin, normocin and L-Glucose; Cambrex Bio Science Walkersville, Inc., Walkersville, MD, USA). The tissue suspensions were first passed through a 5-ml serological pipette, followed by a 1-ml pipette and finally a flame-polished pasteur pipette until no clumps were visible. Following trypsin digestion, the homogenate was filtered through a 70-mm cell strainer (BD Biosciences, San Jose, CA, USA) and then subjected to centrifugation. The collected cells were cultured in complete ABM for immunohistochemistry staining or for cell viability assay.
Construction of recombinant viruses. Recombinant HSV-1 was generated by homologous recombination in Escherichia coli SW102 and gal selection/counterselection (Warming et al, 2005 ) using a BAC-cloned HSV-1 strain F genome; denoted as pYEbac102 (Ichikawa and Chiocca, 2001 ). Detailed methods are described in Additional Methods.
In vitro virus replication assay. Vero, PLC/PRF/5 and DGli36 cells (5 Â 10 5 ) were seeded in six-well plates. After 24 h, cells were infected with either YE-102 or YE-PC8 at an MOI of 2. The supernatant and cells were collected at 24 h post infection and exposed to three cycles of freeze-thaw. The viral yield in each well was determined using plaque assay in Vero cells as described in Additional Methods. Cell cycle regulation analysis. DGli36 (5 Â 10 5 cells) were incubated either in DMEM containing 10% FBS or DMEM containing 0.5% FBS with 50 mM lovastatin to induce G 0 /G 1 growth arrest. After 40 h of incubation, cells derived from a representative dish was quantified to determine the amount of virus used for infection. YE-PC8 viruses were subsequently allowed to adsorb at 4 1C to the remaining triplicate dishes for an hour at an MOI of 2.0. YE-PC8-infected DGli36 cells, which were previously incubated in standard tissue culture medium, were cultured in either DMEM containing 10% FBS or DMEM containing 10% FBS and 150 mg ml À 1 phosphonoacetic acid (PAA). Likewise, YE-PC8-infected DGli36 cells that were previously incubated in the presence of lovastatin were incubated in the presence of DMEM containing 0.5% FBS with 50 mM lovastatin. At different time points after infection, cells were collected for real-time quantitative PCR assay or luciferase activity measurement. To compare the cell cycleregulated promoter activity of YE-PC8 with matching control virus (denoted as YE-CMV-Luc), DGli36 (5 Â 10 5 cells) were infected with YE-PC8 or YE-CMV-Luc for an hour at an MOI of 0.05 before replenished with DMEM containing 10% FBS or DMEM containing 0.1% FBS. These cells were subjected to luciferase assay after 48 h post infection.
Animal studies. All animal experiments were approved by the SingHealth Institutional Animal Care and Use Committee (IACUC), Singapore (Protocol no. 2010/SHS/609) and were carried out in an Agri-Food and Veterinary Authority (AVA) of Singapore licensed and Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) international accredited animal research facility under the close supervision of a licensed veterinarian. Inbred severe combined immunodeficient (SCID) and nude mice (female, 4-6 weeks) were purchased from Animal Resources Centre (Canning Vale, Australia). Immunocompetent male BALB/c and C3He mice were purchased from Biomedical Sciences Institutes, Singapore. For in vivo monitoring of tumour growth and viral kinetics, 5 Â 10 6 of DGli36-DsRed2 cells (DGli36 cells stably expressed the DsRed2 protein) were subcutaneously inoculated in the right flank of SCID mice. Fourteen days after tumour inoculation, YE-PC8 viruses (2 Â 10 5 PFU) were injected into the tumour tissues. At the indicated time points, luciferase activities mediated by YE-PC8 and tumour DsRed2 fluorescence signals were acquired as previously described using the Xenogen IVIS Lumina (Caliper Life Sciences, Hopkinton, MA, USA) system (Sia et al, 2012) . Representative animal was also killed at day 4, and tumour was collected for immunofluorescence analysis as described in Additional Methods. To evaluate the viral kinetics in tumour vs post-mitotic brain cells, orthotopic glioma model was established in nude mice as previously described . One week post tumour cell implantation, equal amount of viruses were inoculated to the tumour-bearing region and the contralateral normal brain parenchyma of the same animal using similar co-ordinates. Next day, bioluminescence images were acquired as previously described (Sia et al, 2010) . For survival analysis in orthotopic glioma model, the mice were separated into three groups and injected with equal volume of viral supernatant or vehicle HBSS 1 week post tumour implantation. Viral supernatant consists of 5 Â 10 5 PFU of either YE-102 or YE-PC8 in a total volume of 10 ml HBSS. To evaluate the pathogenicity of YE-102 and YE-PC8 viruses, increasing dosages of viruses from 5 Â 10 4 to 1 Â 10 9 PFU were either administered systemically into immunocompetent BALB/c mice or intracerebrally into immunocompetent C3He mice. For efficacy studies in subcutaneous xenograft model, DGli36-DsRed2 and PLC/PRF/5-DsRed2 tumour xenograft on nude mice were used as the models. To establish the PLC/PRF/5-DsRed2 tumour, 1 Â 10 7 of PLC/PRF/5-DsRed2 cells (PLC/PRF/5 cells stably expressed the DsRed2 protein) were first injected subcutaneously on 6-week-old female SCID mice. After 1 month, when the tumour size was about 1000 mm 3 , the PLC/PRF/5-DsRed2 tumour was collected and minced with scissors before subcutaneously implanting in the right flank of 6-week-old female nude mice. For DGli36-DsRed2 tumour, 5 Â 10 6 DGli36-DsRed2 cells were subcutaneously inoculated in the right flank of nude mice. When the tumour sizes reach about 300 mm 3 , three doses of YE-PC8 (5 Â 10 6 PFU) viruses were intratumourally injected into the tumour at day 1, 30 and 53. HBSS was injected in control mice to serve as negative control. At selected time points, tumour volumes were measured with a caliper, using the formula
, where L is length and W is width. At the same time point, mice were also subjected to non-invasive bioluminescence imaging as described above. All animals in the experiments were monitored every 24 h for general health status and body weight, no more that 20% weight loss over an extended period or more that 10% weight loss over a short period in accordance with IACUC policy. The animals were killed after they reached this humane end point.
Statistical analysis. Data presented throughout this study are mean values ± s.e. of the mean. Survival curves were generated by the Kaplan-Meier method using GraphPad Prism (version 3.03; GraphPad Software, La Jolla, CA, USA). Statistical significance was determined by unpaired t-test, and values of Po0.05 were considered significant.
Additional methods. Additional methodology is described in Supplementary Information-Materials and Methods.
RESULTS
Construction and characterisation of cell cycle-specific transcriptionally regulated oncolytic herpes simplex virus type-1. We used a bacterial artificial chromosome (BAC)-cloned HSV-1 strain F genome (Tanaka et al, 2003) and homologous recombination system in E. coli and a gal-positive/negative selection method (Warming et al, 2005) , which has been described in additional methods, to introduce the desired mutation into pYEbac102. Briefly, we have adopted the gal selection method to first insert the gal expression cassette into the coding region of ICP6 of pYEbac102 ( Figure 1A ) to generate pYEbacgalK ( Figure 1B ). In the second step, the gal cassette is substituted by the DNA fragment containing the cell cycle-regulatory elements with the luciferase gene (4.5-kbp). Thereafter, Gal-negative clones were selected by resistance to 2-deoxy-galactose (DOG) on minimal plates with glycerol as the carbon source. Positive colonies, denoted as pYEbacPC8 ( Figure 1C ), were selected based on PCR screening against the luciferase gene. As shown in Figure 2A , HindIII digestion of pYEbacPC8 plasmid DNA produced unique bands of 6.4 kbp, 2.2 kbp and 2.0 kbp, whereas digestion of pYEbac102 produced a band of 9.4 kbp. This difference in digestion pattern between pYEbacPC8 and parental pYEbac102 was due to the substitution of the ICP6 sequence with the cell cycle-regulatory elements. The pYEbacPC8 construct was further confirmed by DNA sequencing of the regions where the mutation was introduced (data not shown).
To rescue recombinant viruses and release the viral genome from the BAC backbones, the co-integrated HSV-1 BAC DNA was co-transfected with a Cre recombinase-expressing plasmid (p116) into Vero cells. Thus, the prokaryotic plasmid backbone sequences, contains wild-type HSV-1 genome, and the BAC vector sequence was flanked by two loxP sites. pYEbacPC8 was subsequently derived from pYEbac102 by a two-step homologous recombination of BAC DNA. (B) In the first step, the infected cell protein 6 (ICP6) coding region in pYEbac102 was replaced by galactokinase (galK) cassette to generate pYEbacgalK. (C) In the second step, galK cassette was replaced by the cell cycle regulatory elements (consisted of cytomegalovirus promoter (CMVp), fusion protein of Gal4 DNA binding domain with nuclear factor Y, alpha (Gal4 NF-YA), synthetic poly A (P(A)), 8 Â Gal4-binding site (Gal4 bs), cyclin A promoter (CycAp) and luciferase reporter gene (Luc)) to generate pYEbacPC8. (D) YE-102 recombinant viruses were derived from pYEbac102 by Cre-digestion to remove the BAC vector sequence. (E) Likewise, the BAC vector sequence in pYEbacPC8 was removed to generate YE-PC8 recombinant viruses. (F) YE-CMV-Luc was used as a control virus where the cell cycle-dependent promoter from Gal4 NF-YA to CycAp was removed using the similar strategy to construct YE-PC8. HindIII. An ICP6-specific probe hybridised to the 9.4-kbp fragment in pYEbac102 and YE-102, with no hybridisation to pYEbacPC8 or YE-PC8. On the other hand, a luciferase-specific probe recognised the 2.0-kbp fragment in pYEbacPC8 and YE-PC8 but did not hybridise to any fragment in pYEbac102 or YE-102. A BAC vector probe hybridised to the 8.7-kbp fragment in pYEbac102 and pYEbacPC8, with no hybridisation to YE-102 or YE-PC8 viral genome DNA. (C) DGli36 cells cultured in standard medium were infected with YE-PC8 at an MOI of 2.0. The luciferase activities of YE-PC8 were measured at different time points after infection. (D) Parental DGli36 cells were incubated either in DMEM containing 10% FBS (denoted as control); DMEM containing 10% FBS and 150 mg ml À 1 PAA (denoted as PAA) or DMEM containing 0.5% FBS with 50 mM lovastatin to induce G 0 /G 1 growth arrest (denoted as Lovastatin). After 40 h of incubation, the respective dishes were infected in triplicate with YE-PC8 for an hour at an MOI of 2.0. The cells were then replaced with specific tissue culture media as previously described, i.e., control, PAA or Lovastatin. At different time points, cells were collected for quantitation of relative copy-number of viral genome by normalising the copy-number of luciferase gene to that of b-actin in each sample or for (E) luciferase reporter activities measurement. (F) In vitro comparison of cell cycle-dependent gene regulation on YE-PC8 with matched control virus (YE-CMVLuc) under proliferation and serum starvation conditions. DGli36 cells were infected with YE-PC8 or YE-CMV-Luc for an hour at MOI of 0.05. The cells were then replaced with either DMEM containing 10% FBS (denoted as control) or DMEM containing 0.1% FBS (denoted as serum starvation).
After 48 h post infection, cells were collected and subjected to luciferase assay. All data were presented as mean±s.e.m., n ¼ 3.
which were flanked with the two unidirectional loxP sites, were excised from the co-integrated plasmid. The progeny virus was collected after 3 days and was plaque-purified twice in Vero cells. Viruses isolated from a single plaque were further propagated in Vero cells by infection at low MOI. The viruses rescued from pYEbac102 and pYEbacPC8 were denoted as YE-102 ( Figure 1D ) and YE-PC8 ( Figure 1E ), respectively. The viral DNA was extracted from purified virions as described in additional methods and subjected to similar restriction enzyme digestion with HindIII.
The results showed that the digestion pattern of the viral genome DNA was nearly the same with its parental BAC DNA except a slight downward shift in the 8.7-kbp bands, which was due to the removal of the BAC vector plasmid sequence (Figure 2A ).
Genomic structures of HSV-1 BAC DNA and rescued viruses were determined by Southern blot ( Figure 2B ). Hybridisation probes that recognise the ICP6, luciferase and BAC vector sequences were prepared using the Roche DIG labelling system. HindIII-digested HSV-1 BAC and viral genome DNAs were subjected to hybridisation and detection using the Roche system. Results showed that the ICP6 probe specifically hybridised to the 9.4-kbp fragment of pYEbac102 and YE-102 wherever the luciferase probe specifically hybridised to the 2.0-kbp fragment of pYEbacPC8 and YE-PC8. Also, the BAC vector probe hybridised to the 8.7-kbp fragment of the HSV-1 BAC DNA, whereas it did not hybridise to any DNA fragment of the recombinant virus genome. All these results demonstrated successful substitution of ICP6 with cell cycle-regulatory elements and excision of the BAC vector plasmid sequence in the newly generated recombinant YE-PC8 viruses.
Transgene expression mediated by YE-PC8 viruses is mediated by cell cycle-regulatory elements. Next, the viral kinetics of YE-PC8 in cycling vs quiescent cells was determined. Luciferase activities mediated by YE-PC8 (MOI ¼ 2) were measured during the first 20 h post infection. The recombinant viruses, YE-PC8, could confer luciferase activities as early as 4 h post infection in actively proliferating tumour cells. This activity remained stable after reaching a plateau at 12 h post infection ( Figure 2C ). Thus, time points of 6 h and 12 h were chosen for subsequent characterisation studies of YE-PC8 viruses. Next, human glioma DGli36 cells were cultured in control media (for normal cell growth), lovastatin (to arrest cells in the G 0 /G 1 phase but not interfering with HSV-1 IE, early gene activities) or PAA (to inhibit of HSV-1 DNA polymerase and block viral DNA synthesis). Inhibition of host cell division by lovastatin was confirmed by the reduced levels of cell proliferation marker, Ki67 proteins and S-phase regulator cyclins, cyclin A proteins (Supplementary Figure S2) . Inhibition of viral DNA replication by PAA was shown by the low viral copy-number as determined by real-time quantitative PCR ( Figure 2D ). After 40 h of incubation, the respective dishes were infected in triplicate with YE-PC8 for an hour at an MOI equivalent of 2.0. The cells were then replenished with fresh media corresponding to control media, lovastatin or PAA. At 6 or 12 h post infection, the cells were collected, and luciferase activities were measured. In YE-PC8-infected host cells treated with lovastatin, YE-PC8 failed to replicate as shown by low viral copy-number ( Figure 2D ; solid circle) and low luciferase activity ( Figure 2E ). When replication of YE-PC8 was inhibited by PAA, the viral copy-number remained low ( Figure 2D ; solid triangle). However, the luciferase activities mediated by YE-PC8 in the presence of PAA were insignificantly different from YE-PC8 transduced but untreated control cells ( Figure 2E ), indicating that the luciferase activity was independent of viral DNA replication, rather, it was regulated by the cell cycle-regulatory elements.
To further confirm that the luciferase activities mediated by YE-PC8 is transcriptionally regulated, we generated an additional control virus (denoted as YE-CMV-Luc; Figure 1F ) whereby the cell cycle-regulatory elements were removed, leaving the luciferase reporter under the regulation of the CMV promoter. The cells were first infected with YE-PC8 and control viruses at an MOI of 0.05 for 1 h. The cells were then replenished with either complete control medium or serum starved to induce G 1 arrest, respectively, and the cell cycle profiles were confirmed by flow cytometry analysis (data not shown). The evaluation of the gene expressions was then carried out at longer time point after 48 h post infection using luciferase assays. The results showed that the luciferase activities mediated by YE-PC8 were significantly reduced by about 50% when the infected cells were G 1 arrested ( Figure 2F ). In contrast, cells infected by YE-CMV-Luc control virus showed no significant difference in gene expression level between proliferating and serum-starved cells. Taken together, these results confirmed that transgene expression mediated by YE-PC8 was regulated by the cell cycle-regulatory elements.
In vitro growth characteristic and in vivo cytotoxicity analysis of the recombinant viruses. To investigate the growth properties of recombinant viruses, we determined the yield of progeny virus after infection of different cell types with control and YE-PC8 viruses at an MOI of 2. At 24 h after infection, the viral yields in infected cells were determined using plaque assay in Vero cells. The levels of YE-PC8 viral replication vary in different cell types. Wild-type YE-102 viruses were more efficient in producing progeny virus (B2-fold in Vero, 2.2-fold in PLC/PRF/5 and 2.7-fold in DGli36 cells) compared with mutant YE-PC8 ( Figure 3A) .
Next, the cytotoxic effect of the viruses (YE-102 or YE-PC8) was determined in these cells at an MOI of 0.1. Uninfected cells were used as negative control. Three days later, cytotoxicity was measured by using a Cell Counting Kit-8. In Vero cells, there was no significant difference in the number of viable cells between YE-102-and YE-PC8-infected cells ( Figure 3B ; P40.05). By contrast, the reduction in cell viability in HCC (i.e., PLC/PRF/5) and human glioma (i.e., DGli36) was significant (Po0.05).
To further evaluate the pathogenicity of YE-102 and YE-PC8 viruses, increasing dosage of viruses was administered systemically into immunocompetent BALB/c mice (n ¼ 5 per group per virus type) or intracerebrally into immunocompetent C3He mice (n ¼ 3 per group per virus type). YE-PC8 was found to be safe up to doses as high as 10 8 PFU (systemically) and 10 6 PFU (intracerebrally) ( Table 1) .
Dual imaging of both host cellular proliferation and transcriptional activities of YE-PC8 viruses. In an attempt to correlate the transcriptional activities of the viruses to the host cell proliferation, the viral kinetics and tumour growth were independently monitored using luciferase activities and DsRed2 fluorescence as outputs in a subcutaneous xenograft mouse model. Although it is ideal to show the viral kinetics in human glioma cells in an intracranial mouse model, we were unable to monitor the tumour growth based on DsRed2 signals because of the high level of absorption of light by the brain parenchyma tissues and the low depth of penetration through the cranium of the mice (as shown in Supplementary Figure S3 ). Small amount of viruses (2 Â 10 5 PFU) was injected intratumourally, as otherwise the shrinkage in tumour volume would mask our attempt to correlate the transcriptional activities of the viruses to the proliferating tumour cells. During this period of time, the tumour cells actively proliferated as shown by the increasing DsRed2 fluorescence intensity ( Figure 4A and B) . Increasing tumour cell proliferation corresponded to an increase in luciferase activities up to day 4 ( Figure 4A and C) , indicating a proliferation-dependent increase in viral replication activities. This was confirmed by the high levels of HSV-1 viral envelope glycoproteins, gC, detected in tumours of representative animal at day 4 ( Figure 4D ). However, at day 6 and 8, although the DsRed2 signals continued to increase, the luciferase activities declined. The attenuated luciferase signals may be attributed to poorer tissue penetration and greater absorbance of luciferase luminescence light by haemoglobin (Colin et al, 2000) as the tumours became larger and vascularised, a trade-mark of HCC. Thus, a more sophisticated bioimaging system will be needed to provide a visual correlation between viral activities and host cell proliferation over longer time point. Efficient suppression of tumour growth mediated by YE-PC8 viruses. To investigate the antitumour effect mediated by YE-PC8, the higher viral dose was administered into human glioma-derived xenograft (DGli36; Figure 5A ) and human hepatocellular carcinoma-derived xenograft (PLC/PRF/5; Figure 5B ). The time of injection was determined according to the decrease in luciferase activities (data not shown), which indirectly corresponded to the extent of viral replication. In total, three injections were administered (5 Â 10 6 PFU per injection) at day 1, day 30 and day 53. Significant suppression of tumour growth was observed in both subcutaneous mouse xenograft models as shown by corresponding images in representative animals. The reduction in tumour volume corresponded with a decrease in the fluorescence signal intensity (data not shown). At the end point of the experiment, the mean tumour volume in human glioma and HCC xenograft animals injected with YE-PC8 viruses was 5-fold and 10-fold smaller than the corresponding untreated group (Po0.0005 and Po0.005, respectively). These results demonstrated that YE-PC8 could mediate an effective antitumour effect regardless of the tumour types.
Treatment with YE-PC8 viruses prolong survival of intracranial glioma-bearing mice. In addition to subcutaneous tumour models, we evaluated the efficacy and the ability of YE-PC8 to confer proliferation-dependent transgene expression in nude micebearing intracranial human glioma xenografts. One week post tumour cell implantation, the mice were inoculated with similar doses of YE-PC8 in the tumour-bearing region of the brain and the contralateral normal brain parenchyma of the same mouse. Tumour formation was confirmed using haematoxylin and eosin staining in representative animals ( Figure 6A ). The results showed that tumours injected with YE-PC8 produced enhanced luciferase signal (right hemisphere; Figure 6B ) compared with the control normal region (left hemisphere; Figure 6B ). The trend is similar in three tested viral dosages of 5 Â 10 4 PFU (6.3-fold higher luciferase activity in tumour versus normal), 5 Â 10 5 PFU (2.6-fold) and 5 Â 10 6 PFU (2.5-fold) ( Figure 6B and C), indicative of higher levels of viral replication in tumour region compared with normal region of the brain. Next, YE-PC8 or control virus (YE-102) was administered in a single dose (5 Â 10 5 PFU) to nude mice 7 days after intracranial tumour cell implantation. Survival analysis showed a significant increase in the survival of mice treated with YE-PC8 compared with YE-102 or HBSS-treated tumours (logrank test, Po0.0001) ( Figure 6D) . Collectively, these results demonstrated that functional YE-PC8 viruses in orthotopic glioma mice confer survival advantage. Data were presented as mean ± s.e.m., n ¼ 7. Hank's balanced salt solution (HBSS) was used as negative control. The experiments were stopped, and all mice were killed at humane end point when the tumour burden was 410% body weight or tumour size reached about 2000 mm YE-PC8 infects and kills human glioma obtained from surgical specimens. Short-term human glioma cell cultures were derived from surgical biopsy specimen obtained from local patients with consent. These cells expressed glial fibrillary acidic protein (GFAP) (Figure 7Ai ) and high levels of proliferative markers, Ki67 (Figure 7Aii ). Three days post infection of these glioma cells with YE-PC8 at various MOIs, we observed a dose-dependent decrease in cell viability ( Figure 7B ). Although a similar trend was observed in normal human astrocytes, the extent of cell killing was not as drastic as those observed with the primary tumour cultures. As most oncolytic viruses kill tumour cells through a unique mechanism different from those of small molecule chemotherapeutic agent, we asked whether YE-PC8 could mediate greater tumour cell killing in the presence of TMZ, an alkylating agent commonly used for the treatment of human gliomas. Human glioma DGli36 cells were incubated with TMZ and infected with YE-PC8 at an MOI of 2.5. Cell viability was assessed using a CCK-8 assay 72 h post treatment. The results showed that the combination treatment of TMZ and YE-PC8 resulted in greater cell killing than viruses or TMZ alone, suggesting the existence of a combinational effect ( Figure 7C ). In addition, western blot analysis showed that the incubation with TMZ does not affect the expression of the viral protein, ICP4 ( Figure 7D ). Taken together, these results indicated that YE-PC8 was effective in killing primary human glioma cells.
DISCUSSION
Oncolytic viruses are attractive agents for the treatment of human cancers because they can be genetically engineered at various stages including during virion adhesion and entry into cells, viral transcription or replication for specific targeting and killing of tumour cells. For example, HSV-1 can be retargeted to human epidermal growth factor receptor 2 (HER2), a receptor overexpressed in breast cancers (Menotti et al, 2008) , or IL-13Ralpha2 commonly overexpressed in brain tumours (Zhou and Roizman, 2006) . Tumour cell killing efficacy can also be enhanced by insertion of therapeutic genes into the genome of these oncolytic viruses. However, most of these therapeutic genes are placed under the regulation of ubiquitous viral promoters, which are activated immediately post viral infection, and may pose a hazard to normal cells. As a proof-of-principle, the reporter luciferase gene was placed under a cell cycle-dependent promoter. We reasoned that when the luciferase gene is eventually replaced by the appropriate therapeutic gene, therapeutic efficacy and safety should be enhanced. Herein, the results showed that luciferase activities mediated by the newly generated viral vector, YE-PC8, is dependent on the proliferation status of the host cells based on the inhibition studies of HSV-1 replication by PAA. Further, intratumoural inoculation of the viruses in the tumour region yielded elevated luciferase activities compared with similar amount of viruses inoculated into the post-mitotic normal brain parenchyma of the same animal, indicating that these viruses confer transgene expression in a cell cycle-dependent manner.
There are several studies that use regulatable system for controlling the replication-conditional virus for cancer therapy. The general approaches taken include placing the essential genes for viral replication under a tissue-specific promoter. Alternatively, the viral replication is controlled using tetracycline operator/ repressor or equivalent systems. In the first approach, nonspecific toxicity to normal tissues due to leaky promoters has remained a problem (Yang et al, 2003) . In a recent report, reversion of the ICP4 gene to its wild-type configuration in the context of an oncolytic HSV-1 vector was reported, indicating that such recombinant viruses are genetically unstable (Longo et al, 2011) . By contrast, the efficiency of tetracycline-regulated gene expression in recombinant HSV-1 vectors varies, in part, due to the extent of transactivating immediate early gene products of HSV-1, which can interfere with the integrity of tetracycline-regulated transgene expression (Herrlinger et al, 2000) . While efforts continue to improve upon the efficiency of these regulatory systems, we have focused our attention to developing a transcriptionally regulated oncolytic HSV-1 system that mediates transgene expression in a cell cycle-dependent manner. We have previously demonstrated that cell cycle-dependent regulation is functional in the context of a replication incompetent HSV-1 amplicon viral vector (Ho et al, 2004; Lam et al, 2007; Sia et al, 2013) . Using BAC recombineering, the ICP6 gene was successfully replaced with similar cell cycle-regulatory elements as in previous studies (Ho et al, 2004) . The resultant recombinant viruses, YE-PC8, conferred comparable luciferase activity profiles as another reported oncolytic mutant HSV-1 (denoted as rHsvQ1-CMV-Luc). In the latter construct, the luciferase gene placed under the regulation of CMV promoter was also inserted into the ICP6 locus of a HSV-1 (F strain) (Terada et al, 2006) . Using inhibitors against viral replication (PAA) and cellular division (lovastatin), the differentiated luciferase activities mediated by YE-PC8 viruses in proliferating and G 1 -arrested cells were clearly attributed to the control of cell cycle-regulatory elements instead of differential viral replication ( Figure 2E ). These cell cycle regulatory elements have facilitated the ability of YE-PC8 viruses to mediate transgene expression in accordance with the proliferation status of the host cells, but this was not observed in matched control virus where the luciferase reporter gene was placed under the regulation of the ubiquitous CMV promoter ( Figure 2F ). Given that matched control and YE-PC8 viruses differ in promoter strength, we have chosen to administer an equal amount of YE-PC8 into preestablished intracranial glioma vs contralateral post-mitotic brain parenchyma. Similar results were obtained in that luciferase activities were higher in actively proliferating glioma tumours than the corresponding post-mitotic normal brain parenchyma ( Figure 6B ). Taken together, these data provided support that the cell cycle regulatory elements are truly functional in the context of an oncolytic HSV-1.
We further investigated the replication potential of YE-PC8 viruses and found that they replicated 51% ± 1.9, 45% ± 2.2 and 37%±2.7 less efficiently in Vero, PLC/PRF/5 and DGli36 cells, respectively, when compared with the corresponding wild-type equivalence YE-102 viruses ( Figure 3A) . The reduction in progeny virus indicated that the deletion of ICP6 gene in the genome of YE-PC8 has affected to some extent the ability of these viruses to replicate. Interestingly, ICP6-defective oncolytic herpes virus has previously been reported to replicate in quiescent tumour cells carrying p16 deletions independent of cell cycle status (Aghi et al, 2008) . In our study, YE-PC8 viruses could not replicate in DGli36 cells when the latter was induced into growth arrest state by lovastatin ( Figure 2D ). However, the same cells have been reported not to express p16INK4a mRNA or protein (Inoue et al, 2004) , suggesting that the substitution of the ICP6 sequence with the cell cycle regulatory elements may be functioning differently from the ICP6 deleted mutant HSV-1 mutant virus. Further studies are warranted to investigate further into the role of p16 or other cellular factors that may influence the replication and cytotoxicity induced by YE-PC8 viruses. At present, multi-targeted approach in the presence of oncolytic viruses is gaining acceptance because the mechanisms by which oncolytic viruses mediate the destruction of tumour cells are different from those of standard treatment by chemotherapy or irradiation. Thus, enhanced therapeutic efficacies have been reported when oncolytic HSV-1 is used in combination with (i) 5-fluorouracil and gemcitabine for the treatment of pancreatic cancers (Eisenberg et al, 2005) ; (ii) 5-fluorouracil, SN38 or oxaliplatin for the treatment of colon carcinoma (Gutermann et al, 2006) ; (iii) histone deacetylase inhibitors for the treatment of gliomas (Otsuki et al, 2008) ; (iv) taxanes for the treatment of prostate cancers (Passer et al, 2009) ; and (v) RNA-dependent protein kinase (PKR) inhibitor 2-aminopurine for the treatment of rectal carcinoma (Kolodkin-Gal et al, 2009 ). The effect of combined viral and radiation treatment is less clear in that the same mutant oncolytic HSV-1, G207, has been reported to potentiate antitumour efficacy in human colorectal cancer (Stanziale et al, 2002) but not in human prostate cancer xenografts (Jorgensen et al, 2001) . The variability may be due to the different cell types, dose and time of radiation exposure. For example, Advani and colleagues have demonstrated that oncolytic efficacy can be enhanced when irradiation was delivered at a specific window of time within the HSV-1 viral replicative cycle (Advani et al, 2011) . Nevertheless, significant progress has been made in recent years through viral engineering and gaining insights into how these newly engineered oncolytic viruses could bring about a greater therapeutic effect in the presence of different adjuvant therapies. In preclinical mouse model, the combined treatment of angiostatin-expressing oncolytic HSV-1 with bevacizumab could further reduce the tumour-invasive-like phenotypes and increase antiangiogenesis and survival . In the 'armed' therapeutic viruses, the insertion of apoptosis-inducing ligand (TRAIL) could also improve cytotoxicity in human liver carcinoma (Cao et al, 2011) or human gliomas resistant to either TRAILmediated apoptosis or viral-mediated oncolysis (Tamura et al, 2013) . TRAIL has been shown to induce cell death specifically in tumour cells, while sparing normal cells in nonhuman primates (Bellail et al, 2009) . Alternatively, oncolytic viruses have been engineered to express suicide enzymes (e.g., yeast cytosine deaminase) that allow the conversion of the non-toxic prodrug (5-fluorocytosine) into a toxic metabolite (5-fluorouracil) at the site of viral replication. The solubility nature of these toxic metabolites could elicit a potent bystander effect on neighboring tumour cells that have not been actively infected, thereby increasing the overall therapeutic efficacy of oncolytic HSV-1 viruses (Yamada et al, 2012) .
As a proof-of-concept, we have generated an oncolytic HSV-1 virus that replicates based on the proliferation status of the infected host cells. These viruses were shown to suppress the growth of human tumour xenografts of different origins, human glioma and human hepatocellular carcinoma ( Figure 5A and B, respectively), indicating that their replicating potential is independent of tumour type. Control YE-102 viruses could not be included in these studies as the viruses were very lethal to the animals (data not shown), possibly due to the efficient penetration of these viruses into the gastroinstestinal system via the tumour vasculature as previously reported by other group (Takase et al, 1994) . Using an intracranial glioma-bearing mouse model, we have demonstrated that luciferase activities were higher in actively proliferating glioma tumours than the corresponding post-mitotic normal brain parenchyma when both tumour and normal parts of the brain were injected with an equal amount of viruses ( Figure 6B ). Representative animal was imaged at about 6 h post viral injection, and the levels of luciferase activities acquired at low range scale were similar in both semihemispheres of the brain (data not shown). These viruses could also induce selective cell killing in actively proliferating patientderived short-term glioma culture when compared with normal human astrocytes ( Figure 7B ). Although we have yet to incorporate an appropriate suicide gene into YE-PC8, preliminary results have demonstrated an enhanced therapeutic efficacy when human glioma cells infected with YE-PC8 were cultured in the presence of TMZ ( Figure 7C ). HSV-1 ICP4 is a major regulatory protein involved in the initiation of viral DNA replication and is essential for the virus life cycle (Clements et al, 1977) . Our results showed that the treatment of TMZ did not affect the level of HSV-1 ICP4 proteins, suggesting that the virus should be functional in the presence of TMZ ( Figure 7D ).
The potential limitation of most of the oncolytic viruses including the oncolytic HSV-1 generated in this study is probably the incapability of these viruses to efficiently spread to surrounding tumour cells after administration. The oncolytic HSV-1 may encounter overlapping barriers, including (1) small capillaries in tumour that prevent penetration; (2) dense network of extracellular matrix (ECM) and cellular compaction that prevent interstitial diffusion between solid tumours with little interstitial space; and (3) hindered by the presence of normal and healthy cells within the tumour (Smith et al, 2011) . Several groups have tried to improve the virus spread in the tumour by modifying the tumour microenvironment to decrease the extracellular matrix (ECM) component with decorin (Choi et al, 2010) , hyaluronidase (Ganesh et al, 2008) , relaxin (Kim et al, 2006) and proteases such as metalloproteinase-9 (Hong et al, 2010) , collagenase/dispase and trypsin (Kuriyama et al, 2000; McKee et al, 2006) . Despite the challenges faced, we believe that it is feasible to further improve the functionalities of oncolytic HSV-1 as evidenced by the success of OncoVex GM-CSF (Kaufman and Bines, 2010 ). In conclusion, we have constructed an oncolytic HSV-1 that conferred transgene expression in accordance with the extent of host cell proliferation. These recombinant viruses are cytotoxic but less virulent when compared with wild-type HSV-1 virions. At a high viral dosage, actively proliferating tumour cells were effectively suppressed in two independent subcutaneous xenograft mouse models consisting of human glioma and hepatocellular carcinoma cells. In addition, prolonged survival was observed in animals treated with YE-PC8 in intracranial glioma-bearing animals. Thus, these viruses may be further developed with appropriate therapeutic genes for cancer treatment.
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